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A B S T R A C T
T h e  f o u n d ati o n  of  bri d g e  pi er  is  s c o ur e d  b y  w at er  fl o w  at  t h e  fl o o d  c o n diti o n  a n d  t his
c o n diti o n  m a k es  s o m e  c h a n g es  o n  t h e  s u p p ort  s yst e m  of  bri d g e  f o u n d ati o n  b y  s oil
m e c h a ni cs. N a m el y s o m e p arts of s oil f o u n d ati o n ar e s c o ur e d b y w at er fl o w a n d t h e s u p p ort
f or c e f or bri d g e pi er b y t his p art is di mi nis h e d at fl o o d c o n diti o n.
I n t his r e p ort, t h e a ut h ors s h o w t h e r es ults of m o d el t est o n t h e vi br ati o n p h e n o m e n o n b y
w at er fl o w u n d er t h e fl o o d c o n diti o n t o c o m p ar e t h e f e at ur e of vi br ati o n b et w e e n at fl o o d
c o n diti o n a n d at n o n fl o o d c o n diti o n. T h e n at ur al vi br ati o n of bri d g e pi er is s o diff er e nt n ot
o nl y s c or e d eff e cts b ut als o t h e s urr o u n d e d w at er s u c h as t h e fr e q u e n c y of l o c ki n g m oti o n of
bri d g e pi er b e c o m es l o w er b y a d d e d m ass of w at er t o c o m p ar e t h e o n e at t h e n o n fl o o d
c o n diti o n.  F urt h er m or e  t h e  vi br ati o n  u n d er  t h e  w at er  fl o w  s h o ws  s o m e  p eri o di c  m oti o n
c o m bi ni n g t h e n at ur al vi br ati o n m oti o n of l o c ki n g. T h e s e v er al r es ults b y diff er e nt s u p p ort
c o n diti o n of f o u n d ati o n ar e s h o w n b y c h a n gi n g t h e fl o w c o n diti o n.
P R E F A C E
Bri d g e  pi ers  h a v e  p ot e nt i all y  p ossi bilit y  t h at  t h er e  h a p p e n e d  h ar mf ul  alt er ati o n  s u c h  as
i n cli n ati o n or s ettl e m e nt d uri n g fl o o d ti m e(J. T a n a k et al, 2 0 0 0).    M ai n c a us es of t h os e pi er
d a m a g es ar e c o nsi d er e d b y s c o ur ar o u n d t h e b as e d u e t o str o n g str e a m fl o w. H o w e v er, it is
v er y diffi c ult t o e v al u at e t h e s o u n d n ess of bri d g e pi er, b e c a us e n o b o d y c o ul d c o nfir m t h e
b as e gr o u n d dir e ctl y d uri n g fl o o d. B e c a us e pi ers ar e n or m all y s u p p ort e d b y t h e ri gi d b as e
gr o u n d, t h e c h a n g e of s u p p orti n g c o n diti o n w o ul d aff e ct t o t h e vi br ati o n f e at ur e of t h e pi er
its elf, t h at is, a dy n a mi c c h ar a ct eristi c( O. S u z u ki et al, 2 0 0 0 ).
T h er ef or e,  if  s u p p orti n g  c o n diti o n  c a n  b e  q u a ntit ati v el y  o bs er v e d  b y  a n y  m e as ur e m e nt
e q ui p m e nt, t h e r u n ni n g s af et y of t h e tr ai n o n t h e r ail w a y bri d g es aft er a n d/ or d uri n g t h e fl o o d
will  b e  r e m ar k a bl y  i m pr o v e d.     H o w e v er,  f e w  r es e ar c h  p a p ers  tr e at  t h e  pr o bl e m  o n  t h e
vi br ati o n pr o p erti es of t h e bri d g e pi er b y fl o o d c o n diti o n es p e ci all y r el at e d t o t h e d a m a g e of
pi er.  T h er ef or e,  w e  h a v e  p erf or m e d  f u n d a m e nt al  h y dr a uli c  e x p eri m e nts  t o  st u d y  t h e
vi br ati o n of a c yli n dri c al m o d el pi er s u p p ort e d b y diff er e nt st e el s pri n gs.
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M O D E L O F B RI D G E PI E R
Bri d g e  pi er  is  us u all y  c o nstr u ct e d  o n  h ar d  gr o u n d  b as e m e nt  or  o n  t h e  b as e  w hi c h  is
s u p p ort e d o n pil es a n d is c o nsi d er e d t o b e s u p p ort e d b y el asti c b as e s u c h as l o c ks a n d pil es.
As  t h e  gr o u n d  m at eri als  ar o u n d  pi er  ar e  r e m o v e d  b y  w at er  fl o w  at  fl o o d  c o n diti o n,  t h e
s u p p ort e d c o n diti o n b e c o m es t o b e c h a n g e d a n d el asti c s u p p ort e d s yst e m is als o c h a n g e d.
T h e m o d el bri d g e pi er is m a d e b y s pri n g s u p p ort e d s yst e m t o b e c o nsi d er e d b y si mil arit y o n
fi el d’s pi er a n d t h e c h a n g e of b as e m e nt b y fl o o d is a d a pt e d b y t h e str e n gt h of s pri n g pl at e. I n
m o d el t est, a ut h ors us e d t w o diff er e nt pl at e s pri n g a n d t w o diff er e nt s u p p orti n g l e n gt h a n d
als o t w o diff er e nt s u p p orti n g s yst e ms s u c h as f o ur p oi nts s u p p ort a n d t hr e e p oi nts s u p p ort.
T h e vi br ati o n s yst e ms i n m o d el ar e t hr e e fr e e d o ms as v erti c al m oti o n a n d r ot ati o n m oti o n i n
t w o dir e cti o ns w hi c h ar e p er p e n di c ul ar t o e a c h ot h er. A n d t h e v erti c al m oti o n is v er y s m all er
t h a n r ot ati o n m oti o n b y t h e d ef or m ati o n of pl at e s pri n gs, t h e a n al ysis o n m o d el t est d at a is
m ai nl y d o n e t o t h e r ot ati o n al m oti o n.
M o d el bri d g e pi ers ar e s h o w n i n fi g ur e 1 as f o ur p oi nts s u p p ort is t h e l eft h a n d si d e a n d t hr e e
p oi nts s u p p ort is ri g ht si d e, a n d di m e nsi o ns of pi er ar e as f oll o ws.
H ei g ht L is 3 0. 7 c m, di a m et er d is 8. 8 c m a n d dist a n c e of s u p p ort b y pl at e s pri n g d 1 is 5 c m.
Pl at e s pri n gs ar e us e d i n t w o t y p e as A ( l e n gt h is 1 0 3 m m a n d wi dt h is 1 6 m m) a n d B (l e n gt h








Fi g. 1 - M o d el Pi er a n d S u p p ort S yst e m
T H E O R E TI C A L M O D E L
As s h o w n i n fi g ur e 1, m o d el pi ers ar e arr a n g e d t w o s u p p ort s yst e ms as f o ur p oi nts s u p p ort
a n d t hr e e p oi nts s u p p ort, s o t h e e q u ati o ns of m oti o n m ust b e m a d e f or t h es e t w o s u p p ort
 
3 3 8
s yst e ms. W h e n t h e pi er m o v es i n t h e w at er, it aff e cts o n t h e w at er m o v e m e nt a n d pi er is als o
aff e ct e d b y v el o cit y of w at er. G e n er all y w h e n t h e b o d y m a k es a c c el er at e d m oti o n i n w at er, it
m ust b e c o nsi d er e d a d d e d m ass b y s urr o u n d e d w at er of b o d y. T his p h e n o m e n o n is v er y
f a mili ar of h y dr o d y n a mi c pr ess ur e o n d a m s urf a c e i n r es er v oir at t h e e art h q u a k e c o n diti o ns.
F or f o ur p oi nts s u p p ort s yst e m, e q u ati o n ( 4) a n d ( 5) ar e Fi g. 2 - C o or di n at e S yst e m
gi v e n f or r ot ati o n al m oti o n of x a n d y dir e cti o n.
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C o or di n at e s yst e m i n m o d el pi er is s h o w n i n fi g ur e 2
f or  e x p eri m e nt al  m o d el  s h o w n  i n  fi g ur e  1.  T h e
e q u ati o ns  f or  vi br ati o n  is  m a d e  u n d er  t h e  w at er
d e pt h is h fr o m t h e b as e of pl at e s pri n g is fi x e d.
T h e r ot ati o n al vi br ati o n i n e x p eri m e nt al m o d el pi er
is l ar g er t h a n v erti c al m o v e m e nt, s o t h e e q u ati o n of
vi br ati o n is s h o w n o nl y f or r ot a ti o n al m oti o ns h er e.
At  first  a d d e d  m ass  ar o u n d  t h e  pi er  i n  w at er  is
writt e n as e q u ati o n ( 1) b y distri b ut e d o n pi er s urf a c e
wit h l e n gt h d z.
( 1)w wd M  C  A dz
H er e C w  is c o effi ci e nt of a d d e d m ass, A is h ori z o nt al
s e cti o n  of  pi er  a n d  is  d e nsit y  of  w at er.  S o  t h e
m o m e nt of i n erti a I w  b y t his a d d e d m ass at ori gi n o is
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A n d m o m e nt of i n erti a b y m ass of pi er is gi v e n as
e q u ati o n  ( 3)  w h e n  t h e  m ass  of  pi er  is  M  a n d  its
gr a vit y c e nt er is l a yi n g at h ei g ht L 0  fr o m t h e b as e of
pl at e s pri n g.
2
0 ( 3)I M L
 
F or  f o ur  p oi nts  s u p p ort  s yst e m,  pl at e  s pri n gs  ar e
arr a n g e d  wit h  t w o  diff er e nt  stiff n ess  f or  x  a n d  y
dir e cti o ns  r es p e cti v el y.  B ut  i n  t hr e e  p oi nt  s u p p ort
s yst e m,  it  is  arr a n g e d  wit h  s a m e  stiff n ess  at  t hr e e
p oi nts.
T h e b asi c e q u ati o ns of vi br ati o n f or m o d el pi er ar e
s h o w n fr o m e q u ati o n ( 4) t o ( 6).
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Hereǰxޓandǰy are movement of angle for direction x and y respectively at origin o and
Fǰx and Fǰy are external force for each directions. For three points support system,
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In these equations, R, R x and R y are damping constants for vibration in each direction. When
the external force does not act on the pier, these equations show the natural damping
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It is very interesting that the effect of water depth on natural frequency is given by three
power term of h. This means that pier under flood condition has decreasing of natural
frequency in three power term of h and has some difficulty for the response of pressure
change by water flow under the flood.
EXPERIMENTAL RESULTS
Experiments in model pier are made two types such as using the vibration table and using
water flow channel. Test by vibration table has done by model pier is fixed in the box that
supporting spring plate are arranged and this box is placed in water tank.
ޓ Fig.3 - Pier Box ޓޓޓޓޓޓFig.4 - Four Point Plate Spring
The figure 3 and 4 are shown pier box and four points plate spring with pier model and
vibration table and water tank which placed on vibration table are shown in figure 5 and 6.
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Pier box as shown figure 3 is fixed in the water tank when vibration in water is measured.
Fig.5 - Vibration Table          Fig.6 - Water Tank
Test by Vibration Table
Vibration table can be operated continuously to be varied frequency from 5 Hz to 20 Hz in
10 minuets intervals under constant output power. Movement of pier is measured at three
points by accelerometer which are attached on the top of pier for x and y directions and base
at vibration table for x direction. Da ta are collected by data logar which can take the data in
0.01 second intervals and treated by Excel Soft in personal computer.
Experiment has been done both in air and in water by using two type spring plates under four
and three supporting system. Here the typical results by test are shown.
1) Three points support system
The natural frequency for x and y directions are same in theoretical analysis and this is
confirmed by experimental test as follows. Response curves in frequency and amplitude of
acceleration are shown in figure 7 and 8 for x and y direction in air and the peak value of
channel 2 has almost same value in  these two graphs as 11.1Hz and 10.9Hz . The difference of
these is only 0.2Hz and 2% of value. This result shows good relations for theoretical analysis.
But when the amplitude becomes larger for vibration direction, the motion of perpendicular
direction for this also becomes larger. This feat ure is different from the response of four




Fi g. 7 - T hr e e P oi nts x Dir e cti o n Fi g. 8 - T hr e e P oi nts y Dir e cti o n
2) F o ur p oi nt s u p p ort s yst e m
R es p o ns e c ur v es i n f o ur p oi nts s u p p ort s yst e m ar e s h o w n i n fi g ur es 9 a n d 1 0 i n t h e c as e t h at
t h e stiff n ess s u p p orti n g pl at e is diff er e nt as t h e o n e of x dir e cti o n is str o n g er t h a n y dir e cti o n.
T h e n at ur al fr e q u e n ci es f or x a n d y dir e cti o ns ar e 1 0. 5 a n d 8. 2 5 H z r es p e cti v el y c a n b e f o u n d
as p e a k p oi nt i n fi g ur e 9 a n d 1 0.
Fi g. 9 - F o ur P oi nts x Dir e cti o n Fi g. 1 0 - F o ur P oi nts y Dir e cti o n
I n t h es e gr a p hs t h er e is a diff er e n c e i n fi g ur e 9 c o m p ar e d t o fi g ur e 1 0 as t h at r es p o ns e of y
dir e cti o n aris es at n at ur al fr e q u e n c y of y dir e cti o n a n d als o at n at ur al fr e q u e n c y of x dir e cti o n.
I n  t h e  c as e  of  w e a k  s pri n g  c o nst a nt,  m oti o n  c a n  o c c ur  e asil y  b y  s o m e  irr e g ul ar  s u p p ort
c o n diti o ns s a m e as t hr e e p oi nt s u p p ort s yst e m.
3) R es p o ns e i n w at er
T h e r es p o ns e i n w at er f or f o ur p oi nt s u p p ort is s h o w n as a n e x a m pl e a n d a n al ysis o n t his
r es ult is tr e at e d wit h t h e d at a of t est i n w at er fl o w c h a n n el. W h e n w at er d e pt h is c h a n g e d
fr o m 0 t o 1 9 c m i n st e p 1 0, 1 5 a n d 1 9 c m, n at ur al fr e q u e n c y is d e cr e asi n g a n d its r es ults ar e
s h o w n i n fi g ur e 1 1.
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Fi g. 1 1 - Fr e q u e n c y C h a n g e wit h W at er D e pt h
Fr e q u e n c y is d e cr e asi n g a b o ut 1 0 % fr o m i n air t o 1 9 c m w at er d e pt h i n fi g ur e 1 1, a n d t his
f e at ur e h as g o o d c orr el ati o ns t o t h e t h e or eti c al a n al ysis.
T est i n W at e r Fl o w C h a n n el
I n w at er c h a n n el, t w o t y p e d at a ar e c oll e ct e d as n at ur al fr e q u e n c y b y d a m pi n g vi br ati o n a n d
vi br ati o n i n fl o w. I n t his r e p ort, a ut h ors  f o c us o n t h e v ari ati o n of n at ur al vi br ati o n i n w at er
es p e ci all y, s o t h e d at a o n h o w t h e n at ur al fr e q u e n c y i n t h e w at er is c h a n g e d is s u m m ari z e d i n
t his c h a pt er.
T h e  t est  h as  b e e n  d o n e  i n  s e v er al  c as es  c o m b i ni n g  t h e  stiff n ess  of  pl at e  s pri n g,  m ass  of
bri d g e  pi er  wit h  s a n d  or  wit h o ut  s a n d  a n d  w at er  d e pt h.  T h e  t y pi c al  r e c or d  of  d a m pi n g
vi br ati o n is s h o w n i n fi g ur e 1 2; t h e n at ur al fr e q u e n c y a n d d a m pi n g r ati o ar e c al c ul at e d fr o m
t his r e c or d.
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Fi g. 1 2 - D a m pi n g Vi br ati o n i n W at er Fl o w C h a n n el
3 4 3
I n t his fi g ur e, c h a n n el 1 s h o ws t h e vi br ati o n of x dir e cti o n a n d c h a n n el 2 s h o ws t h e o n e of y
dir e cti o ns.  T h e y  s h o w  v er y  fi n e  d a m pi n g  vi br ati o n  c ur v es.  Fr o m  t h es e  o bs er v ati o n  d at a,
n at ur al fr e q u e n c y a n d d a m pi n g r ati o ar e c oll e ct e d i n t w o dir e cti o n x a n d y w hi c h ar e fl o w
dir e cti o n a n d p er p e n di c ul ar dir e cti o n of fl o w a n d t h os e v al u es ar e diff er e nt wit h t h e a m o u nt
of w at er d e pt h.
1) S pri n g c o nst a nt
S pri n g c o nst a nt c a n b e d eri v e d fr o m t h e d at a i n air b y usi n g d at a of m ass a n d i n erti a of pi er
fr o m t hr e e p oi nts s u p p ort a n d f o ur p oi nts s u p p ort c o n diti o ns a n d t h e r es ults ar e 1 8 0 0 N/ c m i n
l o n g s p a n a n d 2 6 0 0 N/ c m i n s h ort s p a n fi x e d c as e i n b ot h s u p p ort s yst e ms wit h B t y p e pl at e
( wi dt h is 2 6 m m). A t y p e s pri n g pl at e h as 1 6 5 0 N/ c m a n d 8 9 0 N/ c m f or s h ort a n d l o g s p a n
fi x e d c as e r es p e cti v el y.
2) N at ur al fr e q u e n c y i n w at er fl o w a n d a d d e d i n erti a i n w at er fl o w
E x p eri m e nts i n fl o w ar e c arri e d i n v ari ati o n of m ass of pi er a n d stiff n ess of s pri n g c o nst a nt
as s h o w n i n T a bl e 1.
T a bl e 1 - C as es i n W at er Fl o w
C as e S pri n g t y p e  M ass g  X N/ c m  Y N/ c m
N B 1 2 2 0 1 8 0 0 2 6 0 0
S B 3 0 0 0 1 8 0 0 2 6 0 0
F B 3 0 0 0 2 6 0 0 1 8 0 0
A A 1 2 2 0 1 6 5 0 8 9 0
B A 3 0 0 0 1 6 5 0 8 9 0
C A 3 0 0 0 8 9 0 1 6 5 0
E x p eri m e nt al d at a i n t h es e c as es gi v es m a n y r es ults o n n at ur al fr e q u e n c y a n d d a m pi n g r ati o.
T h e  m ai n  i nt er est  is  t h e  v ari at i o n  of  n at ur al  fr e q u e n c y  b y  w at er  d e pt h  c h a n g es  a n d  a n
e x a m pl e of c as e N is s h o w n i n fi g ur e 1 3.
Fi g. 1 3 - N at ur al Fr e q u e n c y i n W at er Fl o w
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As s h o w n i n fi g ur e 1 3, n at ur al fr e q u e n c y d e cr e as es wit h t h e w at er d e pt h is i n cr e asi n g, t his
m e a ns t h at t h e i n erti a of pi er m ust b e i n cr e as e d b e c a us e t h e s pri n g c o nst a nt d o es n ot c h a n g e d.
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T h e v al u e of d M c a n b e c al c ul at e d fr o m d at a b y usi n g t h e e q u ati o n ( 7) a n d aft er t h at, t h e
e v al u ati o n  f or  e q u ati o n  ( 9)  h as  b e e n  d o n e.  A n  e x a m pl e  of  t h e  r el ati o n  b et w e e n  n at ur al
fr e q u e n c y a n d a d d e d m ass is s h o w n i n fi g ur e 1 4 as t h e c as e A.
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Fi g. 1 4 - A d d e d M ass I n erti a i n W at er Fl o w
I n erti a b y a d d e d m ass is i n cr e asi n g gr e at wit h w at er d e pt h is i n cr e asi n g as s h o w n i n fi g ur e 1 4
a n d t h e v al u es of x a n d y dir e cti o n ar e diff er e nt is diff er e n t. T h es e f e at ur es c a n b e s e e n i n t h e
c as es A, B a n d C wit h o ut t h e c as es N, S a n d F.  T his m ai n diff er e n c e m a y b e a stiff n ess of
pl at e s pri n g i n t his st a g e.
3) C o nsi d er ati o n o n a d d e d i n erti a
T h er e is a diff er e n c e i n a d d e d i n erti a b et w e e n c as es N, S a n d F a n d c as es A, B a n d C as
m e nti o n e d a b o v e, s u c h t h e v al u e of d M h as a diff er e n c e of v al u e i n dir e cti o ns X a n d Y i n
c as es A, B a n d C. B ut it is al m ost s a m e v al u e i n c as es N, S a n d F. T his r el ati o n is cl e arl y
u n d erst o o d i n fi g ur es 1 6 a n d 1 7 as t h er e c a n b e s e e n t w o diff er e nt ar e a i n c as es A, B a n d C.
I n t h es e gr a p hs, t h e m ost fitt e d li n e is dr a w n b y c al c ul ati n g t h e v al u e Cw  i n e q u ati o n ( 9) fr o m
t h e d at a. T h e v al u e of Cw  is s h o w n i n t a bl e 2 wit h t h e v al u e of s pri n g c o nst a nt k .
T a bl e 2 - V al u e of C w
C as e k  N/ c m C w
N, F, S 2 7 0 0 1. 5 9 1
N, F, S 1 8 0 0 1. 5 6 8
A, B, C h ar d 1 6 5 0 1. 1 0 9
A, B, C s oft 8 9 0 0. 8 1 1 2
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Fi g. 1 5 - C as es N, S a n d F
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T h e  v al u e  of  C w  is  n ot  c o nst a nt  i n  all  c as es  b ut  it  is  r e l at e d  t o  t h e  s pri n g  c o nst a nt  as  it
b e c o m es gr e at er wit h t h e s pri n g c o nst a nt as s h o w n i n t a bl e 2 a n d fi g ur e 1 7. It is n ot cl e ar
w h y it b e c o m es gr e at er i n t his st a g e, it m ust b e m a d e t o b e cl e ar i n n e xt m o d el t est.
4) D a m pi n g r ati o i n w at er fl o w
T h er e c a n b e s e e n a diff er e n c e i n d a m pi n g r ati o wit h t h e diff er e n c e of dir e cti o n as fl o w
dir e cti o n  or  p er p e n di c ul ar  dir e cti o n  of  fl o w.  T h e  t y pi c al  e x a m pl e  is  c as e  C  as  s h o w n  i n
fi g ur e 1 8.
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Fi g. 1 8 - D a m pi n g R ati o i n C as e C
Dir e cti o n x i n t his fi g ur e is c orr es p o n di n g t o w at er fl o w dir e cti o n a n d y is p er p e n di c ul ar
dir e cti o n of fl o w. T h e v al u e of y dir e cti o n h as 1/ 2. 5 of v al u e of x dir e cti o n a n d t his s h o ws
t h e p ossi bilit y of c o nti n u o us vi br ati o n b y w at er fl o w. T his p oi nt als o gi v es t h e i nt er ests o n
vi br ati o n of pi er u n d er t h e fl o o d c o n diti o ns.
C O N C L U SI O N
 
T h e  m o d el  t est  of  bri d g e  pi er  r el at e d  t o  t h e  fl o o d  c o n diti o n  h as  d e v el o p e d  wit h o ut  t h e
si mil arit y b et w e e n fi el ds bri d g e pi er, b ut t h e v er y i nt er esti n g r es ults c a n b e d eri v e d o n t h e
a d d e d  i n erti a  u n d er  t h e  w at er.  It  h as  t hr e e  p o w er  t er ms  of  w at er  d e pt h  h  a n d  h as  g o o d
c orr el ati o ns b et w e e n t h e or eti c al a n al ysis a n d t h e r es ults fr o m m o d el t est.
T h er e r e m ai ns m a n y i nt er esti n g pr o bl e ms i n t his p h e n o m e n o n s u c h as t h e r el ati o ns t o w at er
v el o cit y a n d fl o w p att er n ar o u n d t h e pi er a n d t h e si milit u d e t h e p h e n o m e n o n t o fi el ds bri d g e
pi er es p e ci all y u n d er t h e fl o o d c o n diti o n. T his r es e ar c h w or k is t w o y e ars pr o gr a m b et w e e n
J R a n d T o y o U ni v ersit y fr o m 2 0 0 1 t o 2 0 0 2. T h es e r e m ai n e d pr o bl e ms ar e st u d yi n g i n m o d el
t est a n d t h e or eti c al a n al ysis i n t his y e ar.
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